a-ketoglutaric dehydrogenase and reduced nicotinamide adenine dinucleotide (NADH) oxidase. They proposed that the lack of these enzymes constitutes a general biochemical basis of obligate autotrophy.
Since an extremely low level of NADH oxidase was observed in Nitrosomonas cells, an attempt was made to assay the other enzymes of the Krebs citric acid cycle and terminal oxidation. Nitrosomonas was found to lack a-ketoglutaric dehydrogenase activity and to have low succinic dehydrogenase activity. Although it lacked KCNsensitive NADH oxidase activity, it was found to possess KCN-insensitive NADH oxidase activity, which probably involved the combined action of a peroxide-generating NADH oxidase and a NADH peroxidase. In addition, extracts contained high NADH-ferricyanide reductase and NADH 2,6-dichlorophenol-indophenol (DCIP) reductase activity.
MATERIALS AND METHODS Growth of cells. Nitrosomonas cells (culture kindly
provided by E. L. Schmidt, University of Minnesota) were grown in batch culture as described previously (9) . Lack of heterotrophic contamination of cultures was established by the procedures of Clark and Schmidt (4) .
Preparation of extracts. For the preparation of cell-free extracts, a 0.2 g/ml suspension of Nitrosomonas cells containing a small amount of added pancreatic deoxyribonuclease (Worthington Biochemical Corp., Freehold, N.J.) was frozen three times at the temperature of a dry ice and acetone mixture, thawed, and centrifuged for 20 min at 20,000 X g to yield a clear dark-red supernatant fraction and a reddish-brown particulate fraction. The latter fraction was resuspended in 0.05 M phosphate solution (pH 7.5) .
The absence of active whole cells in the extract was indicated by the fact that (i) neither the supernatant nor particulate fraction oxidized ammonia to nitrite and (ii) the supernatant fraction contained greater than 90% of the NH2OH-dehydrogenase activity assayed as described previously (11) and had the ability to catalyze the aerobic oxidation of hydroxylamine to nitrite in the presence of catalytic amounts of phenazine methosulfate (see Table 1 ).
Subsequent centrifugation of the supernatant fraction at 100,000 X g for 2 hr yielded a very small pellet and a 100,000 X g supernatant fraction which contained greater than 90% of the hydroxylamine dehydrogenase and nitrite synthetase activity. Apparently, soluble enzymes are released by the freezethawing procedure, leaving large pieces of cell envelope in the 20,000 X g pellet.
Standard assay procedures. The following assays were carried out on the particulate and supernatant fractions. Protein 20,000 X g supernatant. 6 18 13 X 10-' 7.3 X 10-3 20,000 X g particulate.. 3 8 3 .0 X 10-3 300 X 10-3 a The production of nitrite per milliliter of reaction solution was measured as described previously (11) in a reaction mixture containing 10-4 M NH20H, 5 pM phenazine methosulfate, enzyme, and 0.05 M tris(hydroxymethyl)aminomethane (pH 8.0). as described previously (11) . Nicotinamide adenine dinucleotide (NAD+)-and nicotinamide adenine dinucleotide phosphate (NADP+)-specific isocitric dehydrogenase were assayed by the procedure of Kornberg (14) ; malic dehydrogenase, by the procedure of Ochoa (16); and a-ketoglutaric dehydrogenase, by the procedure of Amarasingham and Davis (2). Succinic dehydrogenase was assayed by the method of Arrigoni and Singer (3) with the use of 0.033% phenazine methosulfate. Preincubation of the extract and the presence of KCN in the incubation mixture was required for full succinic dehydrogenase activity, indicating that the Nitrosomonas enzyme was activated in a manner similar to mammalian succinate dehydrogenase (13) . NADH oxidase was assayed at pH 7.0 as described by Smith, London, and Stanier (17) and at pH 6.0 in 0.05 M citratephosphate solution in the presence of 7 X 10-6 M NADH. Hydrogen peroxide was added, when appropriate, at a concentration of 10 mt.
NADH-ferricyanide or NADH-DCIP reductase activity was measured as described by Dolin (6) peroxide. It thus appears that NADH oxidation in Nitrosomonas was catalyzed by the combined action of a peroxide-producing NADH oxidase and a NADH peroxidase, as observed by Dolin in Streptococcus faecalis (6) . In addition, Nitrosomonas extracts contained NADH-ferricyanide reductase and NADH-DCIP reductase activity (Table 3) . could not be carried out by the same electron transport system. The evolution of an effective ammonia-oxidizing system was therefore accompanied by the loss of NADH oxidase. In the absence of coupled NADH oxidase, a-ketoglutaric dehydrogenase would have become superfluous and been lost passively through mutation. If this hypothesis is correct one would expect to find that all ammonia-oxidizing autotrophs are obligately autotrophic. As far as is presently known, this is the case. The absence of NADH oxidase is apparently not a universal basis for obligate autotrophy, since Nitrosomonas has that activity and Nitrobacter has a NADH oxidase which is coupled to the synthesis of ATP (12) .
DISCUSSION
The function of NADH oxidase in Nitrosomonas is unknown. Perhaps it acts to regenerate NAD+ for reactions such as the oxidative branch of the Krebs-citric acid cycle which generates a-ketoglutaric acid.
